Women who take folic acid periconceptionally reduce their risk of having a child with a neural tube defect (NTD) by 150%. A variant form of methylenetetrahydrofolate reductase (MTHFR) (677CrT) is a known risk factor for NTDs, but the prevalence of the risk genotype explains only a small portion of the protective effect of folic acid. This has prompted the search for additional NTD-associated variants in folate-metabolism enzymes. We have analyzed five potential single-nucleotide polymorphisms (SNPs) in the cytoplasmic, nicotinamide adenine dinucleotide phosphate-dependent, trifunctional enzyme methylenetetrahydrofolate dehydrogenase/methenyltetrahydrofolate cyclohydrolase/formyltetrahydrofolate synthetase (MTHFD1) for an association with NTDs in the Irish population. One SNP, R653Q, in this gene appears to be associated with NTD risk. We observed an excess of the MTHFD1 "Q" allele in the mothers of children with NTD, compared with control individuals. This excess was driven by the overrepresentation of QQ homozygotes in the mothers of children with NTD compared with control individuals (odds ratio 1.52 [95% confidence interval 1.16-1.99], ). We conclude that genetic variation P p .003 in the MTHFD1 gene is associated with an increase in the genetically determined risk that a woman will bear a child with NTD and that the gene may be associated with decreased embryo survival.
cells and plasma (Kirke et al. 1993; Daly et al. 1995) and elevated levels of homocysteine in plasma are associated with an increased risk of an NTD-affected pregnancy . A genetic component is evidenced by the increased risk to sibs of a child with NTD, compared with the risk in the general population (l 1 s ) and by the observation that NTD rates vary between 10 different ethnic groups. For example, rates in people of Celtic origin are relatively high, compared with levels in African Americans (Elwood et al. 1992) . The identification and importance of these genetic factors has not been completely elucidated. The genes that code for the enzymes of the folate pathway are obvious candidates to screen for variation associated with NTD risk. A polymorphism (A222V) dbSNP rs1801133 (historically referred to as "C677T") in the enzyme 5,10-methylene-
Figure 1
Role of MTHFD1 in DNA synthesis. The main role for MTHFD1 (shaded) is in providing 10-formyl THF and 5,10-methylene THF for purine and pyrimidine synthesis. 10-Formyl THF can be synthesized directly from formate and THF, via the synthetase activity, or from 5,10-methenyl THF, via the cyclohydrolase activity, which is channeled from 5,10-methylene THF via the dehydrogenase activity. MTHFD1 plays an indirect role in homocysteine metabolism by providing some of the 5,10-methylene THF pool, but the major source of this is SHMT. The enzymes MTHFR and MS are directly involved in homocysteine metabolism. tetrahydrofolate reductase (MTHFR [MIM 236250]) (Frosst et al. 1995) was subsequently associated with lower folate status and increased risk of NTDs in some populations (van der Put et al. 1995; Whitehead et al. 1995; Ou et al. 1996; de Franchis et al. 1998; Christensen et al. 1999) . However, the association of the MTHFR 677CrT polymorphism with NTDs remains controversial, with several studies finding no association (Papapetrou et al. 1996; Mornet et al. 1997; Speer et al. 1997; Koch et al. 1998; Shaw et al. 1998; Weitkamp et al. 1998; Boduroglu et al. 1999) . Several additional folate-related genes have also been examined in relation to NTDs; however, no convincing associations have been found, to date. Some of these genes include methionine synthase, methionine synthase reductase, several folate receptors, and cystathionine b-synthase (reviewed in Lucock 2000; Melvin et al. 2000; Gelineau-van Waes and Finnell 2001) .
MTHFR plays an important role in folate metabolism by catalyzing the reduction of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, which acts as a methyl group donor (fig. 1 ). The MTHFR 677CrT polymorphism results in conversion of an alanine to a valine, resulting in a "thermolabile" variant of the enzyme (Kang et al. 1988) . Individuals who are homozygous for the thermolabile variant of MTHFR (TT) have an increased risk of hyperhomocysteinemia and lower levels of folate in plasma and red blood cells (Molloy et al. 1997 ). This polymorphism, in combination with low folate status, was the first genetic variant to show an association with NTDs in the Irish population (Whitehead et al. 1995) . The predominant MTHFR-related genetic effect is observed in developing embryos homozygous for the valine-containing allele (TT). This genotype is estimated to account for 11.4% of the population-attributable fraction (Shields et al. 1999) . A meta-analysis of NTD risk associated with the MTHFR 677TT case genotype results in a pooled odds ratio (OR) of 1.8 (95% CI 1.4-2.2) (Botto and Yang 2000) . Intervention trials and case-control studies indicate that 150% of NTDs are preventable by periconceptional supplementation with folic acid . Therefore, the MTHFR 677CrT polymorphism does not account for the majority of NTDs in the Irish population, and other genetic and/or environmental factors may also be involved.
We have analyzed several potential polymorphisms in another folate-dependent enzyme, methylenetetrahydrofolate dehydrogenase/methenyltetrahydrofolate cyclohydrolase/formyltetrahydrofolate synthetase (MTHFD1 [MIM 172460]) , for an association with NTDs. MTHFD1 is a trifunctional nicotinamide adenine dinucleotide phosphate (NADP)-dependent cytoplasmic enzyme (often referred to as "C 1 -THF synthase"), which catalyzes the conversion of tetrahydrofolate to the corresponding 10-formyl, 5,10-methenyl, and 5,10-methylene derivatives ( fig. 1 ). 10-Formyltetrahydrofolate and 5,10-methylenetetrahydrofolate are the donor cofactors for de novo purine and pyrimidine biosynthesis and, thus, the biosynthesis of DNA. In eukaryotes the trifunctional polypeptide exists as a homodimer with two functionally distinct domains (Hum et al. 1988 ). The NADP-dependent dehydrogenase and cyclohydrolase activities share an overlapping active site on the NH 2 -terminal domain (Barlowe et al. 1989) . The COOHterminal domain possesses the formyltetrahydrofolate synthetase activity and provides the source of 10-formyltetrahydrofolate for purine biosynthesis. The synthetase is also thought to play a noncatalytic role in purine biosynthesis by forming part of a purine-synthesizing multienzyme complex (Barlow and Appling 1990) .
Our study population consisted of children with NTDs, plus their parents (triads), whom we recruited throughout Ireland from 1993 to the present with the assistance of various branches of the Irish Association for Spina Bifida and Hydrocephalus. The population consisted of 319 complete NTD triads and a small number of incomplete triads, in which DNA was not available from all three family members (22 additional children with NTD, 13 mothers, and 2 fathers). An additional 83 mothers of children with NTD were drawn from a bank of previously collected samples (described below and by Kirke et al. [1993] ). Individuals from incomplete triads and the bank sample were used in the case-control comparisons only. Information about the type of defect was available for 320 of the children with NTD, and the group included 303 (95%) children with spina bifida and 17 (5%) children with encephalocele. Blood samples were collected from two populations in addition to the NTD study population. Samples were obtained between 1986 and 1990 from 56,049 pregnant women attending the three main maternity hospitals in the Dublin area. Details of this collection have been described elsewhere (Kirke et al. 1993; Daly et al. 1995; Mills et al. 1995) . A set (83 individuals) of the 56,049 pregnant women was selected for genotyping and biochemical analyses, because they subsequently gave birth to an NTD-affected child. Information on the type of defect was available for 80 of the NTD-affected pregnancies, which led to the birth of 40 (50%) children with spina bifida, 33 (41%) children with anencephaly or anencephaly plus spina bifida, and 7 (9%) children with encephalocele or iniencephaly. This group of case mothers was included with the case mothers from the NTD study population in the final genotype comparisons. Control population I comprised a randomly selected sample of these pregnant women (699 individuals) who did not give birth to a child with NTD and who had no previous history of an NTD-affected pregnancy.
Genotyping was performed on all of control population I, and biochemical analyses were performed on a subset (200 individuals) of this group. A further control population (control population II) consisted of 318 nonpregnant women of childbearing age who were selected from the students and staff of one of the Dublin maternity hospitals. Genotyping and biochemical analyses were performed on samples from all members of this control group. Details of control population II have been described elsewhere (Molloy et al. 1997 ). Informed consent and ethical approval were obtained for all samples collected.
Several potential MTHFD1 SNPs were identified from the public databases and the literature. A total of five potential SNPs were chosen for analysis, because they result in an amino acid change and therefore may alter enzyme function. Of these, three were obtained from the Single Nucleotide Polymorphism (dbSNP) Database and were described as "tentative" SNPs (rs1950902, 401 GrA PCR assays for the MTHFD1 polymorphisms R134K, P926L, G794C, and T761M were designed using the genomic sequence of MTHFD1 (NT-025892 [Entrez] and Primer Express (PE Applied Biosystems). To avoid nonspecific amplification of the MTHFD-processed pseudogene on the X chromosome (Italiano et al. 1991) , PCR primer sets were designed so that at least one of the primers annealed to an intronic region of the MTHFD1 sequence. Genotyping was performed using either allele-specific-oligonucleotide (ASO) hybridization or PCR-RFLP analysis. MTHFD1 SNPs P926L, G794C, and T761M were not found to be variable in 230-300 Irish individuals. The MTHFD1 R134K is polymorphic in the Irish population; it was PCR amplified using forward primer 5 -TTCCTTCTTATTTCC-ATCACTT-3 and reverse primer 5 -TTAGGCGTACAA-GGAATGA-3 , and it was genotyped by ASO. The MTHFD1 R653Q polymorphism was analyzed, essentially, as described elsewhere (Hol et al. 1998) , except that the restriction enzyme MspI was used for the RFLP analysis. Although the PCR primers for the MTHFD1 R653Q polymorphism were designed within the coding region, amplification of the MTHFD pseudogene on the X chromosome (Italiano et al. 1991) would be unlikely because of two internal mismatches in the reverse primer when aligned with the pseudogene sequence (data not shown). In addition, the primers flank a 98-bp intron, which allows detection of nonspecific pseudogene am- plification on the basis of size difference (i.e., 330 bp for the functional MTHFD1 gene and 232 bp for the pseudogene). Nonspecific amplification of the pseudogene was never observed in our sample set. Moreover, the PCR products of several randomly selected samples were sequenced, and all contained the expected 98-bp intron. A final quality control check included repeat MTHFD1 R653Q genotyping of ∼10% of our samples with an independent PCR assay using a different set of intronic primers and the restriction enzyme AlwI. The SNPs MTHFD1 R653Q and R134K were polymorphic in our sample set, and we were able to assign unambiguous R653Q genotypes to 98% (2,053/2,094) of our samples and to assign R134K genotypes to 97.5% (2,042/2,094). The rate of genotype failure did not differ between the groups. The allele/genotype frequencies and comparisons for each group are summarized in tables 1 and 2. There was no evidence of linkage disequilibrium between the two SNPs (data not shown). Allele and genotype frequencies did not differ significantly between the two control groups. These groups were pooled for subsequent comparisons. Analysis of the R653Q allele frequencies show a significant excess of the Q-containing allele in the mothers of children with NTD, compared with control individuals (OR 1.20 ). Despite small numbers, P p .027 the maternal effects are strong enough to reach statistical significance in each subgroup. The frequency of MTHFD1 R653Q heterozygotes did not differ between the study and control groups. Therefore, heterozygotes and RR homozygotes were combined to calculate the population-attributable risk (the proportion of cases in the total population that can be attributed to the risk fact) associated with homozygosity for the Q allele. Under the assumption that it is an independent risk factor, 8.9% (95% CI 2.8%-14.6%) of NTDs can be attributed to this allele. Analysis of the R134K data shows some enrichment of the "K" allele in children with NTD, compared with controls (KK/RK vs. RR), but this is not statistically significant (OR 1.25 [95% CI 0.96-1.62], ) (table 2). P p .098 The transmission/disequilibrium test (TDT) (Spielman et al. 1993 ) was performed on informative MTHFD1 R653Q and R134K heterozygotes from our NTD triad sample set. Comparisons of allele transmission from informative heterozygous parents to children with NTD was performed by use of the McNemar test. Allele transmission from informative R653Q heterozygotes (n p ) (triads in which both parents and cases are het-215 erozygous or homozygous are not informative) showed favorable transmission of the wild-type "R" allele (R: 58%, ; Q: 41%, ; , McNemar n p 126 n p 89 P p .014 x 2 6.03). In addition to the standard TDT, the five conditional models described by Schaid (1999) were also fitted to the triad data. The best-fitting model was the recessive model, which includes only the relative risk for the QQ allele in the cases. This was estimated to be 0.61 (SE 0.12 We analyzed our R653Q triad data further by applying log-linear models, which provide a powerful test of allele transmission, assuming Hardy-Weinberg equilibrium (Weinberg et al. 1998) (table 3 ). An important feature of the log-linear model is that it can include both case and maternal effects, both individually and jointly in the same model. Models for both recessive (Case QQ and Mother QQ effects in ). Moreover, it also demonstrates a P p .034 significantly lower number of QQ cases than expected (relative risk 0.62, ). We also performed an P p .007 additional log-linear-model analysis by including the controls to provide a more accurate estimate of HardyWeinberg equilibrium (table 3) . This analysis gives similar results. The log-linear models could not be applied to the R134K data because of limited genotype numbers.
The MTHFD1 R653Q and R134K polymorphisms may result in disturbance of the folate-mediated homocysteine pathway and therefore may alter folate or homocysteine levels. Assays that measure levels of folate in plasma and red blood cell, as well as homocysteine levels in plasma, had been performed previously on a subset of our study and control populations (Kirke et al. 1993; Daly et al. 1995; Mills et al. 1995; Molloy et al. 1997 , 1998). Results of each assay were grouped on the basis of each genotype and were compared. No biochemical differences were observed between genotypes among control nonpregnant women, case pregnant mothers, and control pregnant mothers (data not shown). In summary, our analysis of five SNPs in the MTHFD1 gene showed that both MTHFD1 R653Q and R134K SNPs are polymorphic in the Irish population. The MTHFD1 R653Q allele frequencies reported here are similar to those previously found in the Dutch (Hol et al. 1998) and Turkish (Akar and Akar 1999) populations (i.e., ∼0.55 for the R allele and 0.45 for the Q allele). As in the Dutch study (Hol et al. 1998 ), we did not observe a significant difference in allele or genotype frequencies between the case and control groups. However, our study also included the parents of children with NTD, and a comparison between groups shows an overrepresentation of QQ homozygotes among the case mothers, compared with controls. Our results predict that mothers with the MTHFD1 "QQ" genotype have an increased risk (∼1.5-to 2.0-fold) of having an NTDaffected pregnancy. The absence of any difference between children with NTD and controls (table 1) suggests that this is a maternal effect only, and we would therefore expect approximately equal transmission of either allele, by the TDT. However, we observe preferential transmission of the wild-type R allele to children with NTD ( ), and this transmission is enhanced even P p .014 further when the TDT is performed only when a QQ homozygote case is possible (
). In addition to P p .004 these data, the log-linear approach shows similar results (table 3), in that QQ homozygosity is overrepresented in mothers of children with NTD and underrepresented in children with NTD. This is in contrast to what is expected for a maternal risk factor (i.e., approximately equal transmission of either allele, by the TDT, and a possible enrichment of the risk allele in the cases because of their mothers' genotype [Labuda et al. 2002] ). This suggests that the QQ genotype may be having a different effect in the embryo. One possibility is that the QQ genotype in the embryo results in decreased viability. The QQ genotype may produce more severely affected NTD embryos that do not survive to birth or may exert a viability effect unrelated to NTDs. This effect may be influenced by the maternal genotype as the log-linear analysis does indicate a combined effect of the mother and case genotypes (table 3) . A second possibility is that, in QQ mothers, the QQ genotype in the embryo may be protective against NTDs, and therefore we observe fewer QQ homozygote NTD cases than were expected. Thus, there appears to be both a clear maternal NTD risk with the QQ genotype and a suggestion that QQ homozygosity in the embryo is associated with decreased viability or is protective against NTDs. The MTHFD1 R134K polymorphism has an allele frequency of 0.17 and therefore is less abundant than the R653Q polymorphism. This SNP may have a small risk for NTD cases, but a sample size larger than that described here will be required to establish the significance of this finding.
The MTHFD1 R653Q polymorphism lies within the 10-formyltetrahydrofolate synthetase domain of MTHFD1. This residue is also an arginine in the rat, mouse, and some fungal orthologs of MTHFD1. MTHFD1 in other species (including numerous prokaryotes, insects, plants, and fungi) contain a nearly equivalent lysine at this residue. This cross-kingdom conservation suggests that the replacement of this amino acid with a glutamine may have direct functional consequences. Alternatively, this SNP may be in linkage dis-equilibrium with another, as yet undescribed, variant that alters function. The MTHFD1 R134K lies within the dehydrogenase/cyclohydrolase domain of the enzyme, but this arginine residue is not conserved in other species and is a lysine in the rat and a glutamic acid in yeast. Therefore, the evidence for an association with NTDs is more convincing for the R653Q variant than for the R134K variant.
The MTHFD1 R653Q data show a clear excess of QQ homozygotes in mothers of children with NTD, compared with controls, and suggest that this variant (or a variant in linkage disequilibrium) plays a role in abnormal neural tube closure. Analysis by NTD type shows that the maternal QQ genotype remains a risk factor in spina bifida, anencephaly or anencephaly plus spina bifida, and encephalocele groups. We did not observe an obvious correlation between MTHFD1 R653Q genotype and levels of folate in plasma or red blood cells or between genotype and levels of homocysteine among mothers of patients with NTD or control individuals. However, this is not unexpected, because MTHFD1 is an important provider of carbon-1 units for de novo purine and pyrimidine synthesis (West et al. 1996) . Although it indirectly provides carbon-1 units via 5,10-methylenetetrahydrofolate for methylation reactions, its role in this is less important than that of cytoplasmic serine hydroxymethyltransferase (which also provides 5,10-methylenetetrahydrofolate) ( fig. 1) . Consequently, its function in supplying methyl groups for methylation reactions may be unimportant, and thus an alteration of its activity caused by a polymorphic variant, such as MTHFD1 R653Q, might not be expected to result in elevation of plasma homocysteine levels. Moreover, the synthetase domain is also thought to play a noncatalytic role in purine synthesis (Barlowe and Appling 1990; West et al. 1996) , and thus a polymorphism that has no effect on its enzyme activity may have an effect on DNA synthesis because of an alteration of a necessary multiprotein complex. Thus, the MTHFD1 enzyme may play a key role in cell division and therefore may have an important influence on the maternal environment. At the time of neural tube closure (days 21-27), the embryo is entirely dependent upon maternally derived cells that protect and nurture its development. The synthetase activity provides the source of 10-formyltetrahydrofolate, which is essential for rapidly dividing cells, which require 2 mol of 10-formyltetrahydrofolate per mole of purine ring. MTHFD1 QQ homozygote mothers may have less efficient purine or pyrimidine synthesis, which is critical during early development. The preferential transmission of the wild-type R allele and the less-than-expected frequency of QQ cases also suggests that this variant (or a variant in linkage disequilibrium with R653Q and R134K) may be linked to embryo loss or may be protective against NTDs, but further analysis is required.
The identification of the maternal MTHFD1 R653Q genotype as a genetic risk factor for NTDs emphasizes both the importance of folate-dependent pathways and the maternal influence on neural tube development. MTHFD1 is only the second folate-related gene to be identified as a risk factor for NTDs, and identification of the gene helps to explain the protective effect of folic acid against NTDs. Further analyses will aid in elucidating the exact mechanism by which genetic variants, such as MTHFR 677CrT and MTHFD1 R653Q, affect neural tube closure.
